An unusual cAMP signaling system mediates many of the events that prepare spermatozoa to meet the egg. Its components include the atypical, bicarbonate-stimulated, sperm adenylyl cyclase and a cAMP-dependent protein kinase (PKA) with the unique catalytic subunit termed C␣ 2 or Cs. We generated mice that lack C␣2 to determine its importance in the events downstream of cAMP production. Male C␣ 2 null mice produce normal numbers of sperm that swim spontaneously in vitro. Thus, C␣ 2 has no required role in formation of a functional flagellum or the initiation of motility. In contrast, we find that C␣ 2 is required for bicarbonate to speed the flagellar beat and facilitate Ca 2؉ entry channels. In addition, C␣2 is needed for the protein tyrosine phosphorylation that occurs late in the sequence of sperm maturation and for a negative feedback control of cAMP production, revealed here. Consistent with these specific defects in several important sperm functions, C␣ 2 null males are infertile despite normal mating behavior. These results define several crucial roles of PKA in sperm cell biology, bringing together both known and unique PKA-mediated events that are necessary for male fertility. T he terminally differentiated, transcriptionally dormant, and translationally inactive posttesticular spermatozoan has a limited ability to respond to environmental cues encountered as it progresses through the male and female reproductive tracts. During this passage, the bicarbonate anion present in the reproductive fluids (1, 2) has an unexpectedly prominent role in promoting several of the events (3-5), collectively called capacitation, which transform sperm to readiness for fertilization.
T he terminally differentiated, transcriptionally dormant, and translationally inactive posttesticular spermatozoan has a limited ability to respond to environmental cues encountered as it progresses through the male and female reproductive tracts. During this passage, the bicarbonate anion present in the reproductive fluids (1, 2) has an unexpectedly prominent role in promoting several of the events (3) (4) (5) , collectively called capacitation, which transform sperm to readiness for fertilization.
Much evidence indicates that bicarbonate directly increases production of cAMP by atypical sperm adenylyl cyclase (sAC) (6, 7) , and recent work finds that sAC is required for male fertility and normal sperm motility (8) . Although cAMP might open ion channels or activate guanine nucleotide exchange factors, most evidence places cAMP-dependent protein kinase (PKA) as the major downstream effector of cAMP signals in sperm. However, only a small number of sperm proteins have been identified as phospho-substrates of PKA (9, 10) . We now apply phenotypic analysis of loss-of-function mutants to examine downstream effects of the PKA subunit C␣ 2 .
Materials and Methods
Targeted Disruption of C␣2. C␣ 2 null mice were generated from the targeted disruption of exon 1b of the C␣ gene by homologous recombination in embryonic stem (ES) cells. The targeting vector was constructed from a 13.2-kb genomic fragment containing exons 1-3 of C␣. A loxP-flanked neomycin phosphotransferase (NEO) cassette and a mutation of the translational initiation codon were inserted into exon 1b. The linearized targeting vector was electroporated into ES cells derived from 129SV͞J mice as described (11) . Germ-line chimeras were bred to C57BL͞6 mice. Pups carrying the NEO were crossed to heterozygous ROSA26-Cre recombinase transgenic mice (from P. Sorriano, Fred Hutchinson Cancer Research Center, Seattle) to remove the NEO. Subsequent backcrossing and selection of ROSA26-Cre-negative mice generated C␣ 2 heterozygote mutant mice on a 97% pure C57BL͞6 background. These mice generated homozygous null, heterozygous, and WT littermates.
Southern and PCR Genotyping Analysis. Genotyping of targeted mice containing the NEO cassette used Southern blot with a PCR-generated (primer pair: 5Ј-GGAAGAATTCCTGAAA-AAATGGGAG and 5Ј-CTGGGCTGAATTCTGTAGGTA-AGG) fragment of intron 2 in the C␣ gene to probe EcoRIdigested genomic (''tail-clip'') DNA. The WT allele generated a 10-kb fragment, and the knockout allele generated a 5-kb fragment. Genotyping of the Cre-recombined allele used PCR with two pairs of primers. The first pair (5Ј-CGAGCCACCGTA-ATGCTAGT and 5Ј-TCAGGT T T TCTAGCCCAGGA) probed for the WT allele by amplification of exon 1b. The second pair (5Ј-TGTTCCCACCCTATCACTCC and 5Ј-CGGTCTC-GACGACGCGCCTCA) probed for the loxP site in the mutant exon 1b.
Sperm Preparation. Mice were killed by CO 2 asphyxiation and cervical dislocation. Cauda epididymal sperm were harvested in BSA-fortified (0.5%) HS medium (135 mM NaCl͞5 mM KCl͞1 mM MgSO 4 ͞2 mM CaCl 2 ͞1 mM pyruvic acid͞20 mM lactic acid͞10 mM glucose͞20 Hepes, pH 7.4). After 10 min of ''swim out'' at 37°C, sperm were washed three times and resuspended in BSA-free HS medium.
Western Blot Analysis. Sperm pellets or whole testis were homogenized and͞or sonicated in 1% Triton X-100 buffer [250 mM sucrose͞0.1 mM EDTA͞0.5 mM EGTA͞10 mM DTT͞20 mM Tris, pH 7.6 with protease and phosphatase inhibitors (1 g͞ml leupeptin, 3 g͞ml aprotinin, 40 g͞ml soybean trypsin inhibitor, 0.5 mM 4-[2-aminoethyl]bezenesulfonyl fluoride, 0.1 M microcystin-LR, 0.2 mM NaF, 0.2 mM orthovanadate)]. Protein (30 g) in 1ϫ sample buffer [62.5 mM Tris⅐Cl, pH 6.8͞2% (wt͞vol) SDS͞5% glycerol͞0.05% (wt͞vol) bromophenol blue] was separated by 10% SDS͞PAGE and transferred to a nitrocellulose, blocked (5% BSA in Tris-buffered saline for 30 min), and probed (2 h to overnight) with the primary antibodies for: anti-C␣ (a generous gift of S. S. Taylor, University of California, San Diego), anti-RI␣ (Transduction Laboratories, Lexington, KY), anti-phosphotyrosine (Upstate Biotechnology, Lake Placid, NY), anti-RII␣, anti-C␣ 2 , anti-RI (␣ and ␤), or anti-C␤, as generated and characterized in previous work (11) (12) (13) . For phosphotyrosine immunoblots, pellets with equal numbers of sperm were lysed in sample buffer, boiled, brought to 5% ␤-mercaptoethanol, and clarified by centrifugation before loading for SDS͞PAGE.
Immunohistochemistry͞Confocal Microscopy. Excised testes and caput epidymides were fixed overnight in Bouin's, washed in 70% ethanol, and embedded in paraffin. Sections (8 m) were dried onto glass slides, washed with xylenes, and stained with hematoxylin͞eosin for histological analysis. Alternatively, the tissue was rehydrated in graded washes of decreasing ethanol in water. Suspensions of epididymal sperm were spread onto a glass slide, fixed with methanol, and air-dried.
For immunocytochemistry, testis sections and sperm were treated in Tris-buffered saline (TBS) with 1% SDS for 5 min, rinsed, then blocked in TBS with 5% normal goat serum and 0.2% Triton X-100 for 2 h. Incubation (overnight at 4°C) with primary antibody (C␣ 1:500, RII␣ 1:500) was followed with secondary antibody (30 min, 37°C; 1:100, goat AlexaFluor anti-rabbit IgG, Molecular Probes). Confocal imaging (Leica TCS SP͞MP) was conducted at the Keck Imaging Center of the University of Washington.
Computer-Assisted Semen Analysis. Epididymal sperm were exposed to capacitating conditions (0.5% BSA, 15 mM NaHCO 3 in HS medium, 37°C) for 30 min. Percent motility was quantified as described (12) on a Hamilton-Thorn Motility Analyzer. Any movement qualified a sperm as motile.
Waveform Analysis. Individual sperm were examined as described (4, 5) . Briefly, stop-motion images were collected at 33-ms intervals for single sperm loosely tethered at the head to a glass chip. A gravity-fed, solenoid-controlled local perfusion device added and removed test solutions. Captured images were processed by using commercial imaging software (METAMORPH, Universal Imaging, Downingtown, PA) and custom-designed software written in the IGORPRO (WaveMetrics, Lake Oswego, OR) environment.
Fertility Assessment and in Vitro Fertilization. In three or more trials, male mice (Ͼ10 weeks old) were housed with one female (8) (9) (10) (11) (12) (13) (14) (15) weeks old) at a time for 1-3 weeks. Delivery of pups was evidence of pregnancy for females. Male mice were scored as fertile if they impregnated at least one female. In vitro fertilization used standard techniques (14) (15) (16) . Briefly, oocytes from superovulated WT females were treated with hyaluronidase to remove cumulus cells. In some cases, zonae pellucidae were removed by brief treatment in acidic Ringer's solution (137 mM NaCl͞26.8 mM KCl͞1.6 mM CaCl 2 ͞0.5 mM MgSO 4 ͞5.5 mM glucose with 4 mg͞ml polyvinylpyrrolidone, pH 2.5). Five oocytes were incubated with Ϸ5 ϫ 10 5 capacitated sperm in a 50-l drop of HTF medium (Irvine Scientific) under mineral oil. The rate of successful fertilization was reported as the percent of oocytes that progressed to two-cell embryos after 24 h. Intracellular Ca 2؉ Measurements. Depolarization-evoked calcium entry was determined as described (5) . Brief ly, washed sperm were loaded with indo-1 AM ester and examined by emissionratio photometry. Small clusters (3-5 cells) of loosely tethered sperm were perfused continuously with medium HS alone or supplemented with 15 mM NaHCO 3 , or with 15 mM NaHCO 3 and 200 M 3-isobutyl-1-methylxanthine (IBMX), except during Ϸ10-s depolarizing stimuli with medium K8.6 (135 mM KCl͞5 mM NaCl͞2 mM CaCl 2 ͞1 mM MgCl 2 ͞30 mM N-Tris [hydroxymethyl] methyl-3-aminopropanesulfonic acid͞10 mM glucose͞10 mM lactic acid͞1 mM pyruvic acid, adjusted to pH 8.6 with NaOH). Rates of depolarizationevoked Ca 2ϩ entry were calculated from the linear portion of the rising phase of response in the background-corrected, calibrated indo-1 ratiometric signal. Sperm were incubated in HS medium, counted, and divided into various treatment groups (none, 200 M IBMX, 15 mM NaHCO 3 , or 30 M H89). Incubations were ended by the addition of 5 vol of ice-cold 10 mM HCl in 100% ethanol. Samples were kept on ice for 15 min, then lyophilized and assayed for cAMP (Assay Designs, Ann Arbor, MI) per the manufacturer's protocol for acetylated samples. Epididymal sperm in HS medium were counted and lysed to determine intracellular ATP by using the ATP Determination Kit (Molecular Probes) according to the manufacturer's instructions. Sperm were sonicated in buffer containing 1% Triton X-100 and assayed as described for PDE (17) and sAC (18) activity.
Statistics. All results are reported as mean Ϯ SEM.
Results and Discussion
Targeted Disruption of C␣2. We had shown previously that mice lacking both the somatic and male germ-cell isoforms of C␣ were severely runted and infertile (12) . Their overall poor health and high rate of neonatal mortality made these animals unsuitable for study of sperm-specific roles for PKA. Refining our genetic approach, we took advantage of the endogenous male germ cell-specific expression of C␣ 2 (19) (20) (21) to remove PKA activity specifically from postpachytene spermiogenic cells. Exon 1b of the C␣ gene was replaced with a loxP-flanked neomycin resistance gene (NEO) by homologous recombination in embryonic stem cells (Fig. 1a) . Heterozygous offspring were identified by Southern blotting (Fig. 1b) and crossed to transgenic mice expressing Cre-recombinase under the ROSA-26 promoter to excise the NEO, leaving behind one loxP site and a mutation of the translation initiation codon (ATG) in every reading frame (Fig. 1a) . Mice carrying the recombined, mutated allele were identified by PCR genotyping (Fig. 1c) . Western blot analysis confirmed the absence of C␣ 2 in homogenates of testes and sperm (Fig. 1d) . As expected, expression of C␣ 1 was unchanged in testis and all other tissues examined. The C␤ isoform was not detected in extracts prepared from either WT or C␣ 2 null sperm (data not shown). For functional confirmation of these results, cAMP-dependent kinase activity was assayed in extracts of testes and epididymal sperm (Fig. 1e) . Testes of C␣ 2 null mice retained Ϸ25% of the WT PKA activity, reflecting expression of C␣ 1 in testicular somatic and prepachytene germ-line cells (Fig. 6 , which is published as supporting information on the PNAS web site). Sperm of C␣ 2 null mice lacked both basal and cAMPstimulated PKA activity. Together, these results confirm that we created a male germ cell-specific disruption of PKA activity.
Phenotype of C␣2 Null Mice. All C␣ 2 null males had normal body weight and testis weight, but were completely infertile (0͞9 null males produced litters when bred to at least three females over 3 months) despite normal mounting behavior and production of copulatory plugs. Male and female heterozygote and null female mice were fertile. The histology of the testes of WT and C␣ 2 null mice was indistinguishable (Fig. 2 a and b) , and sections from the caudae epidymides of both the WT and mutant males contained densely packed tubules (Fig. 2c) , consistent with the similar numbers of released cauda epididymal sperm (see Fig. 6 ). Differences were evident in the motility of the epididymal sperm incubated in vitro and analyzed by computer-assisted semen analysis. The proportion of motile C␣ 2 null sperm was reduced, particularly within the rapidly moving subpopulation (Fig. 2d) . A decreased ATP content is associated with, and perhaps contributes to, the reduced motility of the C␣ 2 null sperm (Fig. 2e) . This decreased ATP content also suggests that C␣ 2 may have a required role in setting the basal rate of energy production, or that the metabolic machinery of the C␣ 2 null sperm is not fully functional.
Additional differences were found by using stop-motion imaging (5) to compare flagellar waveforms of WT and null sperm (Fig. 2f ) . Alignment of the waveform traces from such time series of images revealed rigidity in the proximal 30 m of the flagellum of the C␣ 2 null sperm. On average, the beat amplitude measured at 30 m along the beat axis was reduced from 32 Ϯ 1 to 13 Ϯ 1 m. In contrast, resting flagellar beat frequency of mutant sperm was slightly elevated, Ϸ1.5-fold.
Past work described a rapid (t 1/2 Ϸ10 s), sustained, bicarbonate-mediated speeding of the flagellar beat that defines the early activation of sperm motility when sperm contact the reproductive fluids at mating (5) . In vitro, 60 s of bicarbonate treatment increased the beat frequency of WT sperm Ϸ3-fold but elicited no change in C␣ 2 null sperm (see Fig. 3a and Movies 1 and 2, which are published as supporting information on the PNAS web site). Hence, C␣ 2 is required for acceleration of the flagellar beat by bicarbonate, consistent with the hypothesis that activation involves PKA-mediated phosphorylation of flagellar proteins to increase ATP-dependent motor activity. It is possible, but less likely, that some metabolic defect in C␣ 2 null sperm prevents acceleration of the flagellar motor by bicarbonate.
PKA C␣2 Requirement for Enhancement of Ca 2؉ Entry by Bicarbonate.
Elevations in intracellular cAMP also rapidly enhance depolarization-evoked entry of calcium into sperm (5, 22) . WT and C␣ 2 null sperm have similar basal rates of evoked calcium entry.
Conditioning with bicarbonate increased the rate 2-to 3-fold for WT sperm, but failed to facilitate channel activity of C␣ 2 null sperm ( Fig. 3 b and c) . Recent work found that proteins of the CatSper family are expressed exclusively in sperm and have sequence similarity to a six-transmembrane domain repeat of the voltage-dependent calcium channels (16, 23, 24) . Although direct evidence of their function as channels is not available, both CatSper1 (4) and CatSper2 (D.F.B., unpublished data) are required for depolarization-evoked calcium entry into sperm. In the simplest interpretation, these proteins comprise all or part of the voltage-gated channels opened by depolarization of sperm membrane potential. Phosphorylation may potentiate the activation of the putative CatSper1͞2 channels as it does for other voltage-gated Ca 2ϩ channels (25) .
Defects in Late Events of Capacitation for C␣2 Null Sperm. The preparation of sperm for fertilization also involves events that occur on a slower time scale (26, 27) . These include increases in protein tyrosine phosphorylation (28) . Fig. 3d shows that prolonged incubation under capacitating conditions increased the phosphotyrosine immunoreactivity of extracts of WT but not C␣ 2 null sperm. This requirement of C␣ 2 for engagement of the protein phosphorylation cascade of capacitation confirms and consolidates previous proposals that PKA-mediated phosphorylation is a necessary first step to activate sperm protein tyrosine phosphorylation (28) . Late in the capacitation sequence, sperm also hyperactivate; flagellar beat amplitude and asymmetry increase, and the linearity of swimming paths decreases (29) . Hyperactivation requires CatSper proteins, which presumably serve as the route of entry for the Ca 2ϩ that operates directly on the flagellar axoneme to increase waveform asymmetry. CatSper-null sperm can penetrate and fertilize zona-free but not zona-intact eggs in vitro, indicating that an inability to initiate or sustain hyperactivation may be the sole or major lesion underlying the male infertile phenotype of CatSper null mutants (4, 30) . C␣ 2 null sperm had a similar ability to fertilize zona-free but not zona-intact eggs (Fig. 3e) , suggesting that they also may not hyperactivate. Indeed, after a 1-h incubation in capacitating conditions, visual inspection of the C␣ 2 null sperm did not detect cells with the characteristic hyperactivated waveform. However, the proportion of motile cells was decreased substantially, indicating that the apparent requirement of C␣ 2 for hyperactivation should be viewed very cautiously.
Stabilization and Localization of PKA in Sperm. Past work in somatic cells found that the regulatory (R) and catalytic (C) subunits of the tetrameric PKA holoenzyme complex (R 2 C 2 ) displayed codependent stability. Decreased expression of either R or C subunits resulted in loss or reduction in the content of the other (11, 12, 31) . WT testes and sperm express RII␣ and RI␣, but not RII␤ and RI␤ (data not shown). In C␣ 2 null sperm, the RI␣ protein is greatly diminished and the content of RII␣ protein is reduced (Fig. 4a) . This loss of RI␣ protein from the germ cells also is reflected by a reduction of RI␣ in the testis extracts. The RII␣ that remains in C␣ 2 null sperm is most abundant in the principal piece of the flagellum and is greatly reduced in the midpiece and end-piece regions (Fig. 4 c and d) . The specificity of the RII␣ antibody is demonstrated by the lack of staining in the RII␣ null sperm (Fig. 4b) .
The TAKAP80, AKAP3, and AKAP4 A-kinase anchoring proteins are major proteins of the fibrous sheath that defines the principal piece of the flagellum. They bind RII subunits with higher affinity than RI (32) (33) (34) . These characteristics provide a reasonable explanation for both the localization and preferential retention of RII␣ in the C␣ 2 null sperm. Furthermore, the localization and stabilization of RII␣ protein (expression of which begins postmeiotically and does not overlap with C␣ 1 expression) suggests that assembly of high-affinity PKA-AKAP complexes is independent of the presence of C subunit.
Negative Feedback Control of cAMP Synthesis. Feedback regulation of cAMP content can be achieved in many somatic cells through PKA-dependent activation of PDE activity or inhibition of AC activity (35, 36) . Consistent with the presence of a negative feedback pathway, C␣ 2 null sperm have a 5-fold elevated basal cAMP content (4.2 Ϯ 0.7 vs. 0.9 Ϯ 0.2 pmol per 10 7 cells). An alternative explanation for the increased cAMP content is that the absence of C␣ 2 alters the expression or retention of PDE or AC protein during spermiogenesis. We tested this hypothesis by measuring PDE and AC activity in sperm homogenates. The basal PDE activities of WT and C␣ 2 null sperm were identical and showed the same sensitivity both to the PDE4 inhibitor rolipram and the nonselective PDE inhibitor IBMX (Fig. 5a ).
The basal AC activities of WT and C␣ 2 null sperm also were the same and increased Ϸ2-fold in the presence of HCO 3 Ϫ (Fig. 5b) . We conclude from these data that C␣ 2 null sperm have no change in the amount of either PDE or AC. To explain the elevated cAMP in the C␣ 2 null sperm, we postulated that the feedback regulation of cyclase or PDE activity must be lost during the preparation of sperm extracts.
To seek further evidence of feedback regulation in the intact cell, we used pharmacological manipulations of the cAMP second messenger system. Inhibition of basal PDE activity with IBMX had little effect on cAMP content of WT sperm during a 1-min incubation, but increased the content in null sperm slightly (Fig. 5a) . A 10-min incubation with IBMX increased the cAMP content of WT and mutant sperm 3-and 10-fold, respectively (see Fig. 7 , which is published as supporting information on the PNAS web site). These findings suggested that basal AC activity is elevated in the C␣ 2 null sperm. The kinetics of cAMP accumulation during HCO 3 Ϫ stimulation of the sperm revealed additional differences between the two genotypes. The cAMP content of WT sperm increased Ϸ3-fold after 30 s in bicarbonate, then fell (Fig. 5d) . By 3 min cAMP had returned to near basal levels (data not shown). In contrast, bicarbonate elicited a more robust and sustained rise in cAMP in C␣ 2 null sperm (Fig. 5d) . A similar, but significantly enhanced and prolonged, rise occurred when HCO 3 Ϫ was applied together with IBMX (Fig. 7) . Hence, C␣ 2 limits cAMP accumulation without the involvement of IBMX-sensitive PDE activity.
We hypothesized that PKA is involved in a feedback inhibitory loop on sAC activity in sperm and attempted to replicate the findings from the genetic model through pharmacological inhibition of PKA by using the ATP-binding site-directed agent, H89. A 10-min incubation with H89 increased the basal cAMP content of WT sperm, suggesting that sAC is tonically inhibited by PKA. Furthermore, bicarbonate stimulation of WT sperm in the presence of H89 (Fig. 5e ) produced cAMP accumulation with kinetics similar to the C␣ 2 null sperm during the first minute of their exposure to HCO 3 Ϫ alone (Fig. 5d) . Fig. 5e also shows that H89 unexpectedly decreased the HCO 3 Ϫ -enhanced accumulation of cAMP in the C␣ 2 null sperm. This action is not a consequence of direct blockade of sAC activity by H89 because we see no effect of this drug on sAC activity in vitro (Fig. 7) . However, H89 is a competitive inhibitor for ATP binding to PKA and is known to inhibit at least three other kinases with similar or greater potency than that for PKA (37) . In the mutant sperm that are devoid of the PKA catalytic subunit, H89 has actions on cAMP accumulation that illustrate its potential for nonspecific effects. These nonspecific actions may be exacerbated by the lowered ATP content of the C␣ 2 null sperm. Regardless of its actions on the C␣ 2 null sperm, H89 treatment of WT sperm mimics the enhanced early (Ͻ1 min) accumulation of cAMP by the C␣ 2 null sperm, consistent with the proposed PKAdependent feedback inhibition on sAC activity.
Conclusions
The reproductive success of mammalian species requires precise orchestration of multiple posttesticular events in sperm. The work presented here shows that a highly specialized, bicarbonate-responsive cAMP-PKA axis coordinates many of the steps that lead to fertilization competency for sperm. In particular, we have identified required roles for the sperm-specific PKA C␣ 2 in control of the unique CatSper-dependent entry of calcium and the atypical sAC-dependent production of cAMP. We have yet to determine whether these roles for PKA are through direct phosphorylation of CatSper or sAC. However, it is clear that PKA not only directs the majority of cAMP-mediated signaling in sperm, but also is required for the attenuation of the cAMP signal itself.
